Metal containing polymers are of great interest as they have proven to be the most promising materials for applications such as microelectronics, holography and magnetic recording of information. Metal containing polymers also provide an alternative to even the specialty glass materials conventionally used for optical applications. Metals such as barium, lead and lanthanum have been used to improve the optical properties such as refractive index and mechanical properties such as hardness of optical plastics. The metal-containing optical plastic materials with improved refractive index of as much as 1.60 along with the Abbe number of more than 30 have been successfully designed using these metals by the authors of this paper. To further increase the refractive index without any drop in Abbe number and to improve the hardness of the polymer matrix, titanium would be the most promising metal. Incorporation of titanium in plastic matrices to form homogeneous and optically clear compositions is a challenging task. This paper reviews the state-ofthe-art by which titanium can be dispersed in polymer matrices to form metal containing composites as optical plastics.
Introduction
Plastics or polymers have already become the wonder material of modern times, replacing conventional materials in almost every field of application [1] . Even for applications where polymers could not be used due to their inherent drawbacks, the polymers are being modified to suit the needs of any given requirement. As a result, the conventional materials like metals, glass, wood, etc. are being replaced by plastics.
One of the high value applications for which plastics have been gaining preference over the conventionally used glass materials pertains to the optical devices like spectacle lenses. Efforts are being made to develop optical plastics for this purpose, as evident from the published literature [2] . The aim has been to improve the refractive index as well as the Abbe number besides the mechanical properties of well-known polymers like polycarbonates and polyacrylates. Incorporation of metals and metal salts in plastics to achieve the desired improvements has been the topic of interest in recent years.
Incorporation of metals in glass has been known for years for improving the properties of the glass as per the requirements of the end use applications. Examples of the metals like lanthanum, barium, lead, zirconium, zinc, niobium, etc. in glass are the prominent ones amongst the many to achieve unique properties of glass. The metals like titanium and niobium have been known for the manufacture of specialty glasses [3] .
If some of the characteristics exhibited by metals could be achieved in plastics by making metal-containing optical plastics, a novel material with best of both the organic polymer and the inorganic metal can be obtained. Incorporation of metals or metal salts in plastics has been done through Chemical Vapour Deposition (CVD) and by dispersion using chemical methods. [4] .
The metals provide physico-mechanical properties to the matrix whereas the continuous phase i.e. plastic binds them together providing a uniform distribution of reinforced material i.e. metals. Such composite materials involving inorganic materials and organic polymers have become a subject of interest because of the fact that a composite exhibit better electrical, optical, catalytic and mechanical properties than the individual neat polymer [5] [6] [7] [8] [9] . The preparation of materials consisting of metals in plastics, yet retaining the optical properties is the challenge! The studies reported on plastics have shown that incorporation of metals like lanthanum, barium and lead in plastics has resulted in an improved plastic material with desired optical as well as mechanical properties [10] [11] . However, it has not been an easy task to incorporate titanium and niobium in plastics.
Titanium has found its niche in many industries owing to its unique properties of high corrosion resistance and good mechanical strength [12] [13] [14] [15] [16] . It is considered superior to materials such as aluminium and steel since it is about fourty times lighter than steel. The advantages of using titanium over the other metals are evident from the fact that titanium finds its use in almost all kinds of applications [17] [18] [19] [20] .
Titanium finds wide use in various industries in its many forms of existence, which are titanium metal, organic titanates and titanium dioxide [21] [22] [23] . Titanium metal due to its unique properties of being lightweight, temperature and corrosion resistant is a preferred material for applications in industries such as aerospace, marine, medical and manufacturing equipment. Organic titanates which include basic titanates, polymerized titanates and chelated titanates find wide applications in surface coatings, printing inks and paint industry [24] . The most abundant form (titanium dioxide) is the one preferably used to acquire the attributes of titanium in various products instead of using the pure metal, wherever possible, mainly due to the high cost of extraction of titanium.
The present paper deals with the review of the state-of-the-art on the methodologies of incorporation of titanium in plastics. The challenges involved in getting the dispersions of titanium dioxide in nano range in plastics have been presented to help develop the techniques for this purpose. The focus of research on the development of optical plastics has been to either design new monomers with improved optical properties or to modify the already established optical plastics in use as the base material for spectacle lenses. Homogeneous and transparent metal containing polymers or nanocomposites offer promising materials in the area of optical applications. Nanocomposites are the only way by which the limitations of refractive index and Abbe number of polymers can be overcome [25] [26] . This paper also presents the methodologies involved in the dispersion of titanium (through its various forms) in plastic matrices, mainly for optical applications.
Applications of plastics can be divided into two diverse types: those in which the product is used in a transparent condition, and those in which complete opacity is required [27] . An important and challenging aspect of incorporating titanium in the form of titanium dioxide pigment in plastics is its dispersibility. A uniform dispersion of the oxide within the plastic matrix is needed to impart maximum opacity without causing loss of physical and mechanical properties. The high refractive index and hardness of titanium dioxide make it the most desirable material for dispersion. Thermodynamically stable dispersion of particles in a polymeric liquid is enhanced for systems where the radius of gyration of the linear polymer is greater than the radius of the particles. Even when the dispersed state is thermodynamically stable, it may be inaccessible unless the correct processing strategy is adopted. This is due to the fact that light directed at the polymer containing large metal oxide particles would be reflected back to the light source or deflected to the side, reducing the apparent transparency of the polymer.
Properties of titanium
Titanium is a lustrous, light and strongly metallic white colored metal recognized for its high strength to weight ratio [28] , ductile nature [29] , high melting point of 1650 °C and density of 4.05 g/cm 3 . Though a number of inorganic & organic compounds of titanium are known, one of the most important compound of titanium finding applications in a wide range of industries is titanium dioxide or TiO 2 . TiO 2 powder is chemically inert, resists fading in sunlight and is opaque. Pure TiO 2 has a very high refractive index; higher than diamond [30] . The pigment has UV resistant properties and is an opacifier.
Various properties of titanium that make it useful for different applications are listed in Table 1 . [31] Jewellery, artworks, etc.
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Origin & occurrence of titanium
Titanium owes its name to the "Titans", the mythical Greek first sons of the earth, and the ore ilmenite has been named after it was discovered in the Mountain Ilem in Russia [32] [33] .
Titanium is found in nature mainly in inorganic ores and is extracted using different processes. Naturally occurring titanium is composed of five stable isotopes 46 Ti, 47 Ti, 48 Ti, 49 Ti, 50 Ti, out of which 48 Ti is the most abundant isotope found in minerals like anatase, rutile, ilmenite, perovskite and titanite [34] [35] [36] [37] . Both inorganic and organic compounds are formed synthetically using various industrial processes. Titanates and salts of titanium are synthetic forms of titanium. The occurrence of titanium in its various forms is as depicted in Figure 1 .
Ilmenite is the most common mineral [38] and rutile has been an important source of titanium. About 95% of titanium ore extracted from the earth is processed further or refined into titanium dioxide (TiO 2 ) used in various industries like paints, cosmetics, plastics, etc. [39] . Of that, 90%-95% is used as such and the rest is used for producing titanium metal.
Titanium dioxide is used for a variety of applications in photovoltaic cells, batteries, sensing, optical emissions, photonic crystals, catalysis and photocatalysis to perform many functions [40] [41] [42] [43] [44] [45] [46] . When titanium dioxide is used as a catalyst, it is required to have activity not only on the main reaction but also selectivity, mechanical strength, acid resistance, heat resistance and service durability. For applications involving catalytic activity, particle sizes of nano-range (< 10 nm) are ideal. For other applications, larger particles of 10-100 nm or 100 -200 nm are desirable [47] . A compatible dispersion medium allows the particles to maintain a high electrostatic charge with no agglomeration. To prepare these types of dispersions, parameters such as pH, ion concentration, size of particles, temperature, etc. are to be controlled [48] . 
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When titanium dioxide is used as a cosmetic material, it is required not only to have an ultraviolet shielding effect but also smoothness, texture and transparency. When it is used as a coating material, it is required to have excellent film forming properties, adhesive properties, hardness, mechanical strength and abrasion resistance in addition to transparency and high refractive index [49] . It is highly desirable to have homogeneously dispersed compositions of titanium dioxide in organic matrices to provide highly transparent coating materials, high refractive index materials, abrasion resistant coatings and UV resistant coatings [50] .
Chemistry of titanium
Titanium metal is considered to be physiologically inert. This metal form a passive and protective oxide coating (leading to increased corrosion-resistance) when exposed to elevated temperatures in air, but at room temperature it resists tarnishing. When it first forms, this protective layer is only 1-2 nm thick but continues to slowly grow; reaching a thickness of 25 nm in four years. Titanium burns in air when heated to 1200 °C and in pure oxygen when heated to 610 °C or higher, forming titanium dioxide. This results in the fact that it is not possible to melt the metal in open air as it burns well before its melting point is reached, so melting is possible only in an inert atmosphere or in vacuum. It is also one of the few elements that burn in pure nitrogen gas (it burns at 800 °C and forms titanium nitride which causes embrittlement). Titanium is resistant to dilute sulfuric acid and hydrochloric acid along with chlorine gas, chloride solutions, and most organic acids. It is paramagnetic, weakly attracted to magnets and has fairly low electrical and thermal conductivity [51] .
Experiments have shown that natural titanium becomes radioactive after it is bombarded with deuterons, emitting mainly positrons and hard gamma rays. The metal is dimorphic. At 880 o C, the hexagonal alpha form slowly changes to the cubic beta form. Metal combines with chlorine at 550 o C. It also reacts with the other halogens and absorbs hydrogen [52] .
Organic salts [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] Organic compounds of titanium, which are of commercial importance, are titanium alkoxides and titanium chelates.
Organic titanium compound are materials having a covalent bond between titanium and another atom which are also bonded to a carbon-based group prepared from TiCl 4 by reaction with main group organometallics. Although a Titanium (IV) atom strives to achieve a coordination number of six by sharing electron pairs of nearby ester molecule but this tendency is opposed due to steric crowding. This is the reason why only monomers, dimers and trimers of titanium are obtained such as tetra isopropyl titanates, tetramethyl titanates and tetra ethyl titanates.
Titanium alkoxides are excellent catalysts for esterification, transesterification and crosslinking of ester containing resins and epoxides. Titanium chelates are widely used in crosslinking of dilute polysaccharide solutions.
Organic Titanates perform three important functions for a variety of industrial applications, which includes (a) catalysis (b) polymer crosslinking and (c) surface modification.
Inorganic salts
The most widely known inorganic forms of titanium are the oxides and chlorides. The sulfide form of titanium known as titanium sulfide also exists.
-Oxides, chlorides & sulfides Titanium dioxide or Titania is used in almost every field as a white pigment for manufacture of paint and paper, as a filler in rubber and plastics due to its exceptionally high refractive index higher than that of diamond in the visible region of the electromagnetic spectrum. While large crystals of Titanium dioxide are transparent and do not refract, fine particles scatter light very strongly [65] .
There are three crystalline forms of TiO 2; rutile (the most common form), anatase and brookite. Both anatase and brookite get converted to rutile at elevated temperatures. All contain six-coordinated titanium atoms; in anatase and brookite, the octahedron is distorted. Natural forms of TiO 2 are often colored due to the presence of impurities. Synthetic TiO 2 is manufactured either by oxidizing TiCl 4 with oxygen or by the hydrolysis of Ti IV sulfate. Rutile can be reduced to give a wide range of nonstoichiometric oxide phases such as the Magnelli-type phases Ti n O 2n-1 (4 ≤ n ≤ 9), the broad non-stoichiometric phases TiO x (0.7 ≤ x ≤ 1.3), and the lower oxides Ti 3 O 5 and Ti 2 O 3 [66] .
A large number of complex oxides or "titanates" are known. [67] . The most important sulfide is TiS 2 , which has a CdI 2 layer structure in which the Ti atoms occupy octahedral sites between alternate layers of close-packed sulfur atoms. The adjacent sulfur layers are able to intercalate Lewis bases such as aliphatic amine [68] .
Apart from the oxides & sulfides, titanium halides such as titanium chloride is also well known. titanium tetrachloride (TiCl 4 ) [69] [70] is the basic raw material from which all the organic titanium compounds are made and are readily converted to titanium esters (tetra alkyl titanates) [71] .
Need for titanium dispersions
Some of the challenges listed below make working with titanium in its purest form a huge challenge:
1. Rarity of the pure metal 2. Low thermal conductivity of titanium leading to high manufacturing cost. It is due to these reasons that titanium dispersions in polymers are achieved through the fine particles or nanoparticles of TiO 2 . Organic dispersions are those in which both polar & non-polar organic fluids and non-ionic steric stabilizers or dispersants are used to prevent the particles from forming larger aggregate ions [72] . Generally the dispersion in polymeric materials has proven to be difficult and frequently results in phase separation due to agglomeration. The agglomerates act as larger particles that may scatter or reflect light. So for transparency, the small particles must be highly dispersed (non-agglomerated) in the polymer to avoid light scattering [73] .
Dispersion of metal oxide particles in polymers is possible by the surface treatments such as a) coating of the metal oxide particles with an organic acid or a surfactant to create an organophilic surface and b) electrostatic stabilization by the creation of an aqueous colloid. To obtain transparent dispersions is a huge challenge where the transparency of a polymer depends on the size and refractive index of the metal oxide particles [74] .
Challenges associated with dispersion of titanium
Composite materials having homogeneously dispersed inorganic nanoparticles in an organic phase have been used as protective coatings for various applications. Such materials have improved abrasion resistance and optical properties as compared to the corresponding organic binder not having nanoparticles dispersed therein. Nanocomposite materials containing various inorganic nanoparticles such as titania have been described. The rutile form is the most desirable form due to hardness and refractive index [75] . The major problems with titanium dioxide sols, particularly the rutile crystalline phase include: long process times, need to use additional stabilizing counter ions which must be laboriously removed prior to use, extreme pH conditions and limited stability [76] .
It would be desirable to have quick and easy methods for preparing the stable colloidal dispersions of inorganic particles containing titanium where the particles have properties comparable to the rutile form of titanium dioxide. It would also be desirable to homogeneously incorporate such particles into an organic binder to provide high refractive index abrasion resistant coatings. Fine particles of titania having narrow particle size distribution and little aggregation have been produced by the hydrolysis of the metal halide in the presence of an organic solvent [77] .
Dispersing aids have been used to disperse metal oxides particles in organic materials to form transparent colloids and ceramers. One method of ceramer preparation is to treat metal oxide particles with specific organic acids or surface active agents before combining the metal oxide particles with polymer precursors. Transparent polymer/metal oxide compositions having high refractive indices are desirable but difficult to obtain because the metal oxide particles, when combined with polymer precursors, may agglomerate and decrease the transparency of the resulting ceramers [78] .
The major challenge with dispersion of titanium dioxide particles is the inability to suitably stabilize suspensions of the nanoparticles. It would be desirable to have stable suspensions of nanoparticles that could be used days later or preferably even weeks or months later. Existing titanium dioxide particles and solutions are often too unstable to be economically feasible for use in suspension form. Expensive drying and reconstituting steps are needed to use many existing titanium dioxide particles . The challenge is to use particles with controlled particle size, shape and stability and methods for economic production. The use of dispersing agents give stable dispersion of nanoparticles of titanium dioxide with more uniform shape, size and more stability than titanium nanoparticles formed without the use of a dispersing agent. Dispersing agents are used to influence the average size of the titanium dioxide nanoparticles [79] [80] [81] [82] . Dispersing agents can be alkoxyorganosilanes, carboxylic acids or combination of both. Examples of alkoxyorganosilanes are octyltriethoxysilane, octadecyltrimethoxy silane, hexadecyltrimethoxy silane or combination of all. Carboxylic acids having C 3 -C 18 carbon chain length is also preferred as dispersing aids.
It is challenging to disperse titanium dioxide as such into polymer matrices. It is preferable to use highly dispersed colloidal titanium dioxide or sols. The particles dispersed in a sol are spherical or pseudospherical agglomerates, non-uniform in particle diameter leading to opacity and poor transparency [83] [84] . The sol is stable only in the acid region in a pH of less than 3; its limitations are that it forms precipitates or gels under neutral or alkaline conditions. When the sol is mixed with an organic solvent, it becomes unstable and precipitates out thus making it difficult to be used as a hard coating material to be applied to the surface of plastics [85] [86] [87] [88] .
Particles in a sol assume a spherical or pseudospherical configuration, when it is used as a coating, by mixing it with a base resin. The TiO 2 particles are not present densely in the coating and leave spaces among the particles. The density of the particles cannot be enhanced thus giving a coating, which is poor in characteristics and strength as coatings for optical plastics [89] [90] .
Titanium dioxide particles though can be made in very small particle sizes of 50 Ǻ, they can seldom be applied as such due to the fact that the particles are always highly coagulated. Such nanoclusters appear to be indefinitely stable at room temperature in highly acidic solutions. Heating or dilution of such particles results either in flocculation, precipitation or formation of an elastic gel. Titanium dioxide based sols and gels in which the size of the nanoclusters is made much smaller than the wavelength of visible light are the characteristics of a good dispersion [91] .
These characteristics of titanium dioxide have been utilized in cosmetic applications where certain types of ultraviolet radiation absorbing compositions have long been in use. Titanium dioxide has been approved for use in cosmetics and that it is known that amorphous titanium dioxide or oxyhydride will absorb short wavelengths. Thus, for particle sizes of titanium dioxide approaching the wavelength of visible light, the high extinction coefficients of titanium dioxide leads to a very high reflectivity for radiation that would normally be absorbed by nanosizes particles. However, titanium dioxide nanoclusters having superior UV absorbing properties are not satisfactorily used in sunscreen compositions because of their noted lack of stability [92] .
Tried ways of incorporation of titanium as titania in different plastics
As a pigment
Titania pigments are the most commonly used form of titanium for incorporation into plastic matrices like polyethylene and polypropylene. They are incorporated into commodity plastics for the provision of better brightness, whiteness and opacity than the most commonly used pigments such as ZnO, ZnS. When properly chosen, titania pigments provide extensive protection of polymers from UV light. The common routes to pigmentation of plastics with TiO 2 are described in Table 3 .
The methods whereby titania pigments are incorporated into plastic matrices are diverse. Multiple options exists for the plastic processor such as a) solid concentrates b) direct end use pigmentation c) simple dry blends or d) use of liquid colorants. While the use of concentrates is prevalent in most resin categories, nearly all the titanium dioxide used in finished products composed of polyethylene & polypropylene enters by the way of solid concentrates. These concentrates typically vary in pigmentation loading level between 30%-80% (by wt.). The manufacture of these solid concentrates is usually done in internal mixers, continuous mixers or multiple screw extruders [94] . Titanium dioxide is usually intensively mixed in high-speed blenders with rigid PVC resins. Incorporation of titanium dioxide plasticized PVC usually begins with the production of a liquid or paste dispersion of the pigment in monomeric plasticizers or low molecular weight polymers.
Tab. 3.
Incorporation of titanium dioxide into polystyrene, acrylonitrile, acrylonitrile butadiene styrene & other associated co-polymers and alloys is normally by the way of concentrates prepared on equipment similar to that used in polyethylene i.e. by premixing pigment, plasticizer & surfactant followed by high shear stress dispersion [95] .
As transparent dispersions
Since India depends totally on import of optical materials, a need always exists to develop an indigenous technology, which not only serves the Indian stake-holders of the optical market but also to a common man for his daily ophthalmic requirements. Need for a technology to develop scratch resistant and improved refractive index plastics always remains a challenge for the researchers.
Incorporation of titanium to maintain transparency of the dispersed matrix is a big challenge. Transparency of the resultant matrix depends on the particle size of the dispersant. Incorporation of nanosized titania pigments into polymeric materials has always been a challenge because of the following reasons:
1) High density in comparison to polymer matrices and 2) Agglomeration of nanoparticles due to high specific surface energy [96] There are various chemical methods through which titania is incorporated into polymer matrices. These include a) ex-situ incorporation and b) in-situ incorporation. High density of titanium dioxide does not allow it to disperse homogeneously in the polymer matrix. This in turn leads to settling down giving an inhomogeneous matrix. The nanoparticles are so strongly adhered to each other that the breaking down of secondary particles into primary particles becomes difficult. This again, in turn, gives rise to non-homogeneity of the polymer matrix incorporated with titanium dioxide.
The high density of titanium dioxide (>4), makes it almost impossible to be dispersed in any organic material. Surface modification using coupling agents and dispersing aids can serve as an effective way of dispersing TiO 2 particles. There has been an increasing interest in the fabrication of TiO 2 thin films because of their useful optical, electrical and chemical properties such as high refractive index, high dielectric constant, remarkable solar energy conversion and photo catalysis [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] .
Incorporation of titanium dioxide by ex-situ methods
Binding inorganic particles to organic molecules using a bi-functional coupling agent is a useful method for incorporation of TiO 2 . Nanoparticles may be incorporated in a binder to form a nanocomposite or the nanoparticles may be taken in a binder precursor and then cured to form a binder [112] .
The coupling agent links the organic and the inorganic phases by covalent bonding, hydrogen bonding or simple physical interactions that prevent phase separation. Coupling agents are used to bring about compatibility between inorganic nanoparticles and organic binder. Surface modified agents are used to modify the surface characteristics to achieve properties like compatibility, dispersion and optical clarity. Organo silanes have been used as coupling agents to prepare high refractive index coatings having a refractive index of 1.569. Mixed oxide (nanoparticles) of metals such as titanium/antimony have been prepared from peroxy titanic acid and hexahydroxy antimony and coated onto PMMA [113] .
Preparation of acetic acid modified TiO 2 nanoparticles was done by sol gel method and the nanoparticles have been incorporated directly into the polymer matrix such as acrylates to form transparent high refractive index nanocomposite thin films. Increasing the titania content in the hybrid nanocomposite thin film has been found to increase the refractive index. An ultra high refractive index of 2.38 was obtained [114] .
Titanium dioxide nanoparticles of the desired shape, size and uniformity are formed by hydrolysing titanium tetrachloride to form an aqueous titanium compound. Titanium dioxide nanoparticles are then precipitated to form a suspension, which is influenced by the presence of bonding of the dispersing agent. Size of the nanoparticles can be controlled by selecting the ratio of titanium precursor to the dispersing agent [115] .
A coating composition has been prepared comprising of titanium dioxide having a high refractive index and good hardness. Fine particles of Titanium dioxide have been used in an amount of at least 10% by wt., below which significant increase in refractive index is not seen. For the surface modification of the particles, organic silicon compounds such as methyl trimethoxysilane or glycidoxy propyltrimethoxysilane have been used which impart increased reactivity and affinity for the resin matrix. Curing catalysts such as ammonium perchlorate is used to cure the composition either before or after applying the coating. Fluidity of the coating composition can be improved using levelling agents such as silicone surface-active agents. The final coating composition was applied onto a plastic lens of urethane resin having a refractive index of 1.594 followed by curing at 120 °C. The cured film has a refractive index of 1.58 [116] .
Incorporation of Titanium dioxide by in-situ methods
In-situ methods are more promising to obtain homogeneous dispersions. Hybrids of polyimide titanium dioxide with improved properties of good thermal stability, high optical transparency and good mechanical properties have been fabricated by in-situ methods involving sol-gel reaction of polyamic acid precursor with a modified titanium precursor. Another approach is dissolving the polymer in solvent and mixing with the dispersing media, while the third approach is of melt intercalation which involves heating the polymer upto its glass transition temperature and then mixing it with the dispersing media [117 -118] .
Optically transparent polyimide titanium dioxide composite waveguide materials were prepared by the dispersion of nano-sized Titanium dioxide particles in polyimide. The particles were produced through reverse micelle technique using sol-gel method and were dispersed into the fluorinated polyimide solution. The solution was coated on a glass substrate and a polyimide titanium dioxide composite waveguide (4% titanium dioxide concentration) was successfully produced after heat treatment. Refractive index was increased from 1.550 to 1.560 by the incorporation of Titanium dioxide. Particle size was very small, no noticeable scattering loss was observed in the resultant slab waveguide [119] .
Photocatalytic, transparent and aqueous titanium dioxide ceramic paint having a particle size between 1-200 nm has been produced for coating glass, metals and plastics. The coatings exhibit properties of being hydrophilic, photocatalytic and having excellent transmittance. Complexing agents such as lactic acid or oxalic acid are employed along with a surface-active agent as dispersing aids to promote dispersion of titanium dioxide [120] [121] .
Transparent ceramers having a refractive index of ≥ 1.9 have been prepared for optical applications. Conventional materials for optical parts of optical devices such as lenses are glass and plastics [122] [123] . These materials have high light transmittance and can easily be processed into devices. Conventional materials such as glass has a refractive index of less than 1.9 and the resulting optical devices have limitations in miniaturization and slimming. Plastics having low moisture resistance and low refractive index, exhibit double refraction and efficiently transmit and condense light. The translucent ceramer can therefore improve the optical properties of optical devices such as lenses, prisms and can miniaturize the resulting optical device [124] .
Lanthanum titanate prepared from lanthanum oxide and titanium dioxide in 1:2 ratio has a ultra-high refractive index of 2.3, is transparent to visible & near IR region therefore making it useful for photonic applications [125] .
Anti-reflective layers of titanium dioxide prepared by the hydrolysis of tetra isopropoxide have been used for the coating on plastics such as polyesters, polyacrylates and polycarbonates [126] . Titanium dioxide is commonly used as a pigment in the paint industry. It is incorporated as an aqueous dispersion in waterbased paints. Number of problems such as high viscosity, agglomeration and settling down of particles to the bottom of the container are associated with aqueous titanium dioxide slurries. To overcome this problem, dispersing agents are used; most common ones being polyacrylic acid. Polyacrylic acid, due to residual acrylic acid, has several disadvantages like risks related to health and safety and effectiveness in neutral conditions limits its use for various applications. Hence, alkyl polyglycoside surfactants are used as effective dispersing agents for aqueous titanium dioxide dispersion. This overcomes the difficulty of being non-toxic and very mild to eyes and skin [127] .
Process and processing conditions leads to variations in structure, particle size and optical properties of titanium dioxide [128] . Composites with enhanced refractive index have been synthesized through a sol-gel method. A refractive index of approximately 1.70 has been achieved with 75-wt% titanium dioxide [129] . This has been found to be useful for coating applications.
One of the most important and emerging applications is the development of ferro electric materials. A solution of ferroelectric nanowires of titanium based compound like BaTiO 3 (at a high concentration) and polymer can be mixed together and placed in a small electric field to orient them in the desired direction. Such a combination also exhibits a liquid crystal phase [130] . A great deal of research is being carried out on the synthesis of high quality transparent films consisting of polymer-titanium dioxide hybrid nanocomposites and their optical properties.
Bismuth titanate nanoparticles have been dispersed in polyacrylate matrix to obtain composites having a high refractive index of 1.6, high dielectric constant and high optical transmission of 90% [131] [132] [133] [134] . Ternary compound system BaO-TiO 2 -La 2 O 3 was prepared by solid state reaction technique at temperatures between 1300-1400 C using Ba, Ti, La oxides as starting materials. In another method, BaTiO 3 was reacted with the lanthanum titanates to obtain BaO-TiO 2 -La 2 O 3 that finds its use as ferrro electric materials [135] .
In recent years, in the field of ceramics, fine particles of metal oxide having narrower particle size distribution with no aggregation is desirable, titanium dioxide particularly attracts attention as useful fine particle material in the field of photocatalysis, optical communication, cosmetics, etc [136] .
Fine particles of metal oxide have been prepared in various ways, which involves the hydrolysis of metal alkoxide in organic solvents and hydrolysis of organometallic compounds. Particles produced by this method are apt to have wider particle size distribution [137] .
Colloids of titanium dioxide, with 2.5 nm average particle diameter were synthesized by hydrolysis of titanium tetrachloride in acidic solution. The as prepared particles were incorporated in polymers such as polyvinyl alcohol, partially hydrolyzed polyvinyl acetate, polyvinyl pyrrolidone and poly(4-vinyl pyridine); nanocomposites transparent in the visible range were obtained. The highest titanium dioxide contents in such materials were achieved with PVAL and PVAC with titanium dioxide content ~35%. Incorporation of titanium dioxide in PVA upto 10.5 vol % enhanced the refractive index of nanocomposites upto 2.38 compared to 1.521 for the pristine polymer [138] .
In -situ synthesis and dispersion of titanium dioxide by sol-gel method has been used for the preparation of optical films where trialkoxy silane capped PMMA titania hybrid optical thin films have been prepared using spin coating and multi-step baking. Titanium butoxide was used for the preparation of titania network in acrylic monomers. FTIR shows good bonding between organic and inorganic moieties. DSC results show good dispersion of the PMMA segment in the titania network. Variation of titania content not only tune the refractive index but also the position of absorption maxima. Refractive indices of the prepared hybrid films were in the range of 1.505-1.553, which increases linearly with the titania content. Hybrid polymer films with Abbe number > 30 showed high transparency in the visible region [139] [140] .
Hybrid composites were synthesized using titanium tetrapropoxide and multifunctional acrylate or methacrylate. 3-(methacryloyloxypropyl)trimethoxy silane has been used as the dispersant. The organic and inorganic networks interpenetrate together to form a transparent composite. The composites with enhanced refractive index up to 1.68 and potential applications in photonics area by means of microexplosion method has been reported [141] .
Uniform dispersions of titanium dioxide are obtained by the use of organosilane coupling agents. Such dispersions have been used for the coating of polymer, wood and metal surfaces. Such ceramers have been used on articles for abrasion resistance and high gloss appearance for traffic signs, pavement markers, lenses for glasses & microwave oven doors [142 -143] .
UV curable, transparent acrylic resin/ titania organic-inorganic hybrid films were prepared by controlled hydrolysis of titanium tetrabutoxide in Span 85/ Tween 80 reverse micelles & the subsequent in-situ photo polymerization of acrylic monomer. The refractive index and UV shielding properties of the organic polymer increased with the increasing titania content [144] .
By using sol-gel method, amorphous titania was introduced into epoxy matrix to prepare a series of high refractive index titanium resin nanocomposite films. To increase the refractive index of the hybrid films, triethoxy silane capped trimercapto thioethylamine was synthesized. Refractive index was tailor-made from 1.61 to 1.797 with the increasing content of TiO 2 from 0% to 65 % [145] .
In Shriram Institute for Industrial Research, Delhi, India, a novel methodology for the incorporation of metals into polyacrylate has been developed. In this method, transparent, high refractive index metal containing polyacrylates having a refractive index of 1.60 have been developed. This has been regarded as a breakthrough for the in-situ preparation of metal-polymer nanocomposites.
Titanium dispersed polymers therefore prove to be promising materials for the preparation of high refractive index plastics.
